A prominent theme in inorganic materials research is the creation of uniformly flat thin films and heterostructures over large wafers, which can subsequently be lithographically processed into functional devices. This letter proposes an approach that will lead to thin film topographies that are directly counter to the above-mentioned philosophy. Recent years have witnessed considerable research activity in the area of self-assembly of materials, stimulated by observations of self-organized behavior in biological systems. We have fabricated uniform arrays of nonplanar surface features by a spontaneous assembly process involving the oxidation of simple metals, especially under constrained conditions on a variety of substrates, including glass and Si. In this letter we demonstrate the pervasiveness of this process through examples involving the oxidation of Pd, Cu, Fe, and In. The feature sizes can be controlled through the grain size and thickness of the starting metal thin film. Finally, we demonstrate how such submicron scale arrays can serve as templates for the design and development of self-assembled, nanoelectronic devices. © 2001 American Institute of Physics. ͓DOI: 10.1063/1.1352666͔
The formation of macroscopic periodically ordered structures through ''self-assembly'' is a topic of intensive experimental and theoretical study. Part of this interest stems from the nanoelectronics point of view, where the possibility of formation of periodically ordered structures on semiconductor surfaces can enable superlattices comprising quantum wells, quantum wires, or quantum dots. 1, 2 More importantly, self-assembled processes hold the promise to enable the creation of complex, next generation of device architectures that would rely on the intrinsic ability of the system to organize itself into ordered patterns. This is in contrast to the artificially ordered schemes, such as those that are currently used in integrated circuits. A considerable amount of this work is driven by the desire to mimic naturally occurring processes, especially those in biological systems.
The physical mechanisms that govern the spontaneous formation of coherently strained islands in lattice mismatched heteroepitaxial systems has been investigated in some detail although their origin is still a highly debated issue. Nevertheless it is well established that the driving force for island formation is a long-range elastic interaction. For example, formation of discrete hillocks in aluminum and platinum is due to the relaxation of thermal expansion mismatch stresses between the substrate and the film. 3 The compressive stresses that develop during heating lead to diffusion of metal atoms either through lattice diffusion, 4, 5 or along grain boundaries 6 leading to the formation of hillocks. Similarly self-organized quantum dots have been produced by the Stranski-Krastanow growth mode in which coherent island formation occurs during the growth of latticemismatched semiconductors. 7, 8 In all these cases, typically discrete, isolated hillocks ͑one tip over several mm͒ of the metal are observed, with a height less than ϳ100 nm 3 . 800-1000 Å thick films of metals such as Pd, Ir, Fe, Co, In, Sn, and Cu were deposited by pulsed laser ablation in a 10 Ϫ6 Torr vacuum on various substrates including MgO, SrTiO 3 , Si/SiO 2 , Al 2 O 3 , and LaAlO 3 . Arrays of tips were formed of the respective metal-oxides by oxidation of the metal films in oxygen at temperatures between 600 and 1100°C. The films were characterized using x-ray diffraction, atomic force microscopy ͑AFM͒, electric force microscopy ͑EFM͒, scanning force microscopy, and photoelectron emission microscopy. Figure 1 shows AFM images of tips of three different metal-oxides self assembled via the simple process of oxidation. The temperatures of anneal and duration were determined by the kinetics of the oxidation process. For example, a polycrystalline Pd film forms tips of PdO 2 at 900°C, Cu forms tips of CuO at 975°C, whereas Fe forms tips of Fe 2 O 3 when annealed at 1050°C. Nonmagnetic ␣-Fe 2 O 3 tips were reduced to form ferromagnetic Fe 3 O 4 tips by annealing in nitrogen at 500°C. What is most interesting and surprising is the fact that oxidation is accompanied by the formation of a uniform array of surface features ͑tips͒ that resemble the Si ͑Ref. 9͒ and Mo ͑Ref. 10͒ cones in a field emitter array. Notice that the tips are as tall as 1 m and uniformly spaced with a periodicity of ϳ0.7 m for Fe 3 O 4 ; ϳ2 m for PdO 2 ; and ϳ0.5 m for CuO. Each tip is isolated from its neighbor and the surface of the substrate is visible, indicating that the entire metal film has been oxidized. X-ray diffraction and transmission electron microscopy studies of these films also indicate that there is no metal left and that the tips are polycrystalline-oxide structures. The critical role of granularity and oxygen ambient in forming these tips was discerned through comparative studies of epitaxial and polya͒ Author to whom correspondence should be addressed; electronic mail: rr136@umail.umd.edu APPLIED PHYSICS LETTERS VOLUME 78, NUMBER 10 5 MARCH 2001 crystalline films, thermally annealed in oxygen and in vacuum. AFM images of the same film before and after annealing in vacuum and in oxygen clearly show that: ͑i͒ polycrystalline-metal precursors are required, i.e., epitaxial films do not form tips; ͑ii͒ oxygen is also required to form the tips, i.e., vacuum annealing does not lead to tip formation.
As a first step in understanding the formation mechanism of the observed tips, we looked for similarities with known growth phenomena in thin films. The principles outlined in the equilibrium theory of thin film growth suggest that the nature of interplay between the surface and interface energies dictates the selection of a specific growth mode ͑in the absence of lattice mismatch or where it is irrelevant͒. The Frank-van der Merwe 11 mode leads to layer by layer growth, the Volmer-Weber 12 mode leads to island formation, and the Stranski-Krastanow 13 mode leads to isolated islands on a strained surface. Figures 1͑c͒ and 1͑d͒ show the selfassembly of PdO 2 tips on MgO and Si/SiO 2 , respectively. SiO 2 has a thermal expansion coefficient of 0.5ϫ10 Ϫ6 /°C, which would induce significant compressive stress in the Pd film, which itself has a thermal expansion coefficient of 11.76ϫ10 Ϫ6 /°C. On the other hand, MgO has a thermal expansion coefficient of 13.8ϫ10 Ϫ6 /°C, which would induce a tensile stress in the Pd film. In spite of these differences in the stress state, the tips not only evolve on both these substrates, but they are generally similar in their features. The average spacing between the tips is slightly different in each case, but the height of the tips is similar. This indicates that the primary driving force for tip evolution is not the stress originating from the thermal expansion mismatch between the film and the substrate, but the large volume change ͑ϳ38%͒ associated with the oxidation of the metal film.
We now bring attention to a fundamentally interesting and peculiar feature of the tip evolution process, namely the spiral arrangements of fully evolved tips. These are shown in Fig. 2 for the three material systems discussed in Fig. 1 , which also emphasizes their generic character. Interestingly, both single spirals as well as multiarmed spirals are observed. Spiral patterns have been observed in reactions occurring far from equilibrium even if operated under stationary continuous flow conditions via self-organization, if excitable and oscillatory conditions are present. [14] [15] [16] [17] In our case, it is possible that the concentration of oxygen selforganizes itself under the inhomogeneous stress distribution generated by the early oxide nuclei. Multiarmed spirals are encountered more in biological systems generating stationary patterns via the Turing mechanism, 18 but are hardly seen in chemical systems. The spiral wavelength ͑the mean distance between successive arm windings͒ is found to be a function of the film thickness. For instance, in the case of iron, the spiral wavelengths were ϳ0.22 and ϳ1.16 m, respectively, for film thickness of 250 and 500 Å. These observations, although still in the early stages of understanding, illustrate the rich complexity of the tip evolution process and should stimulate considerable interest among researchers investigating pattern formation phenomena in reaction-diffusion systems.
The periodicity and stability of such structures is clearly a subject of prime interest. Theories based on thermodynamic 19, 20 and kinetic 21 considerations have demonstrated that it is indeed possible to have periodically ordered isolated islands. We are currently exploring these avenues to determine the optimal conditions that may lead to periodic structures in our metal-oxide systems.
Finally in Fig. 3 , we illustrate through one example of how arrays of these metal-oxide tips can have a strong impact on future nanoscale technologies. Ferromagnetic oxides such as Fe 3 O 4 and the related Fe 2 O 3 ͑with almost 100% spin polarization͒ are attractive candidates for highly spin polarized transport in spin valve applications ͑spintronics͒ and in the magnetic recording industry. Size effects and the magnetic domain structure play an important role in determining the transport and magnetic properties. Self-assembled arrays of conducting PdO 2 are attractive candidates for emitters in a field emission flat panel display. 2 In this letter, we illustrate two possible applications of such functional oxide tips. Using PdO 2 tips as conducting oxide electrodes, we have been able to fabricate submicron ferroelectric capacitors. Piezohysteresis loops obtained from individual tips are shown in Fig. 3͑a͒ while the corresponding piezo image from the same tip is shown in Fig. 3͑b͒. Figure 3͑c͒ shows in-plane and out-of-plane ferromagnetic hysteresis loops obtained from an ensemble of Fe 3 O 4 tips. The hysteresis loops reveal that the preferred magnetization direction is out of the plane of the film. Magnetic force microscope images from the same ensemble, shown in Fig. 3͑d͒ , indicate that the tips are mainly single domained, with some of the larger tips exhibiting multiple domains. Finally, the results presented in this letter set the stage for a careful and detailed investigation of the materials science of metal-oxide ''self-assembled'' structures and their potential technological impact in various applications. 22 This work has been supported in part by NSF-MRSEC Grant No. DMR96-32521 and in part by the Laboratory for Physical Science. One of the authors ͑R.R.͒ gratefully acknowledges a University of Maryland Distinguished Research Faculty Fellowship.
